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Abstract
Direct measurement of autoionization lifetimes by using time-resolved experimental tech-
niques is a promising approach when energy-resolved spectroscopic methods do not work.
Attosecond time-resolved experiments have recently provided the first quantitative determina-
tion of autoionization lifetimes of the lowest members of the well-known Hopfield series of
resonances in N2. In this work, we have used the recently developed XCHEM approach to
study photoionization of the N2 molecule in the vicinity of these resonances. The XCHEM
approach allows us to describe electron correlation in the molecular electronic continuum at
a level similar to that provided by multi-reference configuration interaction methods in bound
state calculations, a necessary condition to accurately describe autoionization, shake-up and
inter-channel couplings occurring in this range of photon energies. Our results show that, at
variance with recent speculations, non-adiabatic effects play a minor role in this particular
problem and that electron correlation is the main factor that determines the magnitude and
shape of the N2 photoionization cross sections, as well as the lifetimes of the Hopfield reso-
nances. These conclusions are supported by the very good agreement between the calculated
cross sections and those determined in synchrotron radiation and attosecond experiments.
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The advent of attosecond light pulses has opened the way to perform time resolved measure-
ments of electron dynamics in atoms and molecules, thus allowing one to reach the ultimate frontier
responsible for chemical bonding.1–5 The attosecond time resolution provided by these novel light
sources has permitted, among other accomplishments, to determine the lifetimes of atomic au-
toionizing states from the direct observation of their exponential decay with time.1,6 For isolated
resonances, the lifetimes resulting from such measurements are in perfect agreement with those
obtained from photoelectron spectra obtained in synchrotrons. However, when resonances overlap
in the spectral domain, the usual situation in molecules when several ionization threshold are ac-
cessible, extraction of the corresponding lifetimes from such spectra is not so straightforward, and
a direct time resolved measurement could be a better alternative, especially when the lifetimes are
substantially different.5
A common characteristic of all attosecond measurements, which is also shared with syn-
chrotron radiation measurements, is that ionization is produced by absorption of a single XUV
or X-ray photon. In addition to direct ionization, where a single electron takes the excess of pho-
ton energy, a variety of processes in which this energy is shared between two or more electrons
can also occur: inner-shell ionization followed by Auger decay, autoionization from Rydberg or
multiply excited states, ionization accompanied by excitation of the remaining ion (shake up),
Auger decay in combination with shake up, inter-channel couplings between different ionization
continua, etc.1 All these processes are mainly governed by electron correlation.
Recently, attosecond XUV-pump / IR-probe experiments have been performed to determine,
for the first time, the lifetimes of molecular autoionizing states,7 namely of the lowest members of
the Hopfield8,9 series of autoionizing states in the N2 molecule. These states lie above the second
ionization threshold of N2 and, therefore, can autoionize by emitting an electron and leaving N+2
in either the ground or the lowest excited state (shake up). Furthermore, the lowest members of the
series lie only a few hundreds of meV above the threshold, so that they can autoionize by emitting
a rather slow electron, which can therefore strongly interact with the electrons remaining in the
molecular cation (inter-channel coupling). A conspicuous result of these measurements is the large
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differences in the autoionizing lifetimes of two of these series (one with much longer lifetimes than
the other). This was tentatively attributed in Ref. 10 to interference stabilization between nearly
degenerate Rydberg states, and more specifically in Ref. 11 to non-adiabatic rotational couplings
between these states. However, there is no direct experimental or theoretical proof that this is
indeed the reason for the differences in the observed lifetimes.
The Hopfield series has also been investigated by using synchrotron radiation.12–16 Although
the total photoelectron spectra resulting from these earlier experiments are qualitatively similar to
the most recent time-resolved ones, the shape and assignment of the resonance peaks are signifi-
cantly different. Furthermore, the lack of experimental information on the partial photoionization
cross sections and on molecular orientation, as well as the fact that many of these resonances over-
lap in the same spectral region, has prevented synchrotron radiation measurements from providing
the lifetimes for the lowest Hopfield resonances. Therefore, the accuracy of the lifetimes reported
in such attosecond measurements, which are benchmark for similar applications of attosecond
technology to more complicated molecules, remains to be checked.
An accurate theoretical description of N2 photoionization in this energy region is only possible
by appropriately describing electron correlation in the molecular continuum. This is a challenge for
most existing theoretical methods, which have thus mainly focused on the description of the direct
ionization process at different levels of approximation.17–19 To our knowledge, the only existing
theoretical calculations of N2 photoionization that account for the lowest members of the Hopfield
series were performed as early as in 198320 and 199121 by using multichannel quantum defect
theory (MCQDT) and multichannel frozen-core Hartree-Fock approximation (MCFCHF), respec-
tively. At that time, only an approximate description of the various matrix elements that enter either
the MCQDT or the MCFCHF equations was possible (frozen-core, static exchange and single-
centre continuum approximations, among others), so that they cannot be used as reference for the
measured autoionization lifetimes. Thus, in spite of the apparent simplicity of the N2 molecule, a
precise understanding of its correlated ionization dynamics is still to be achieved. Getting an ac-
curate description of multichannel resonant ionization in this fundamental system is a prerequisite
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to understand correlation-induced ionization processes in more complicated molecules. In partic-
ular, autoionizing Auger decay has been identified as an important cause of molecular damage in
biological systems.22
In this work, we have evaluated the photoionization spectrum of N2 between the second and
the third ionization thresholds within the adiabatic approximation by using the recently proposed
XCHEM23 code, which includes electron correlation in the electronic continuum at the same level
as the most advanced quantum chemistry methods do for bound states. Except very close to thresh-
old, the calculated total photoionization spectrum is in excellent agreement with the most recent
spectra obtained with synchrotron radiation, and the calculated resonance lifetimes are very close
to those determined in synchrotron radiation experiments and of the order of those obtained from
the attosecond pump-probe experiments mentioned above. From these calculations, we conclude
that the large differences in the lifetimes of the different states that compose the Hopfield series
are almost entirely due to differences in electron correlation and not to non-adiabatic rotational
effects as claimed in earlier work. From the analysis of the partial photoionization cross sections,
we show that the dominant ionization channel leaves the N+2 ion in the
2Πu excited state, not in the
2Σ+g ground state, and that the overall shape of the resonances observed in the total photoionization
spectrum is mainly due to molecules oriented parallel to the polarization direction of the electric
field.
We start by briefly describing the methodology used in the present work. In the XCHEM
approach, the Ne-electron continuum wave function Ψ−αE is written as the close-coupling (CC)
expansion
Ψ−αE(x1, · · · ,xNe) =∑
i
ℵi(x1, · · · ,xNe)ci,αE +∑
β i
Nβ i ˆA ϒβ (x1, · · · ,xNe−1, xˆNe)φi(rNe)cβ i,αE , (1)
where the first term includes the so-called short range statesℵi, in which all electrons reside within
a radius R0, and the second term contains anti-symmetrized products between one-electron radial
continuum functions φi(rN) and (Ne− 1)-electron channel functions ϒβ i. The latter represent an
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(Ne−1)-electron parent ion state Φb multiplied by the angular part of the Ne-th (continuum) elec-
tron (Xlm) and coupled to the spin (χ) of the latter electron, so as to leave the Ne-electron system
in a state of well defined total spin S and z-component Σ. Hence, every ϒβ can be unambiguously
identified by the channel index β = {b, l,m,S,Σ}. The utility of this approach becomes apparent
upon observing that, among the terms appearing in equation 1, only φ(rNe) extends beyond R0,
which is essential to impose the appropriate incoming-wave boundary conditions of continuum
wave functions for the photoionization problem. All other terms can thus be computed by using
the tools of quantum chemistry packages (QCP) by expressing both short-range ℵi and parent-
ion Φb states in terms of orbitals represented by Gaussian basis functions (GPi (r)) centered at the
atomic sites of the molecular system. In this work we have carried out state-average Restricted
Active Space SCF (SA-RASSCF) calculations by using the cc-pVQZ24 basis set, allowing for all
configurations in which the 1σg/u orbitals are doubly occupied, the 2σg/u, 3σg/u, 1pig/u orbitals are
occupied by any physically admissible number of electrons, and the 4σg/u, 5σg/u, 6σg/u, 2pig/u,
3pig/u and 1δg/u orbitals contain at most two electrons (see Fig. 1a for notations). The state aver-
age was performed by optimizing the neutral states X1Σ+g , A1Πu, B1Σ+u and C1Σ+u . The RASSCF
orbitals were computed with MOLPRO,25 exploiting its capability to perform a state average cal-
culation over states of different symmetry. All subsequent RASSCF calculations were performed
with MOLCAS.26
To describe φi, we use a hybrid Gaussian and B-Spline (GABS)27 basis placed at the cen-
ter of mass of the molecule, with the B-Splines (Bi(r)) being non-zero for radii > R0 and the
Gaussians (GMi (r)) being nonzero for radii < R1, such that R1 > R0. The Gaussian part of the
GABS basis contains a set of 22 even-tempered functions GPi (r) ∝ r2k+le−αir
2
, with αi = α0β i
(α0 = 0.001, β = 1.46, i = 0, ...,21), k ≤ 2 and l ≤ 3. The B-Spline part is composed of a set
of 390 B-Splines of order 7 extending from R0 = 7.0 a.u. up to Rmax = 200 a.u.. The products
in the second term of equation 1 were obtained by augmenting the parent ions Φb with orbitals
expanded in the GPi (r), G
M
i (r) and Bi(r) functions. The radius R0 was chosen so that the condi-
tion 〈Bi|GPj 〉= 0 is ensured for all polycentric Gaussian functions, thus drastically simplifying the
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calculation of operator matrix elements,23 in particular, the Hamiltonian matrixH . Subsequently,
physically relevant scattering states are constructed by fitting linear combinations of the eigenstates
ofH to the asymptotically correct expression of Ψ−αE enforcing photoionization boundary condi-
tions.23,27,28 In the present application, our close-coupling expansion includes all those channels
that stem from the parent ions associated with the first three ionization thresholds (see Fig. 1). As
a whole, the XCHEM approach allows us to exploit the flexibility and efficiency of QCPs by using
polycentric Gaussians, and to use B-Splines for the long-range behavior of the continuum electron,
all the while sidestepping many of the problems normally associated with the use of only Gaussians
and/or B-Splines in molecular photoionization. For more details on the GABs basis, mathematical
intricacies of the XCHEM approach as well as benchmark results, we refer to Refs. 23, 27, 29 and
references therein.
Fig. 1 shows the energy positions and the ionization channels of N2 in the region of inter-
est. The Hopfield series of autoionizing states lie above the A2Πu and below the B2Σ+u ionization
thresholds, and is reached by photons with energy between 17.1 and 18.7 eV (the ionization po-
tential of N2 is 15.6 eV). Due to the dipole selection rule, only states of 1Σ+u and 1Πu symmetries
can be populated. For each symmetry and ionization threshold, an infinite number of channels
is open, but their relative importance decreases with the value of the angular momentum of the
ejected electron. Fig. 1 only shows the most relevant channels. As can be seen, the Hopfield
states of 1Σ+u symmetry have a dominant 2σ−1u nsσg or 2σ−1u ndσg character, and can decay to the
ground state of N+2 , X
2Σ+g , by ejecting an electron to the ε pσu or the ε fσu continua accompanied
by de-excitation of one of the 3σg electrons to the 2σu orbital, or decay to the first excited state
of N+2 , A
2Πu, by ejecting an electron to the εdpig continuum accompanied by de-excitation of one
of the 1piu electrons to the 2σu orbital. Similarly, the states of 1Πu symmetry have a dominant
2σ−1u ndpig character and can decay to the X2Σ+g state of N
+
2 , by ejecting an electron to the ε ppiu
or the ε fpiu continua accompanied by de-excitation of one of the 3σg electrons to the 2σu orbital,
or decay to the A2Πu state of N+2 , by ejecting an electron to the εsσg, εdσg, or εdδg continua
accompanied by de-excitation of one of the 1piu electrons to the 2σu orbital. For completeness, the
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Figure 1: (a) Schematic representation of processes yielding different cationic states by removal
of an electron from different molecular orbitals. The number preceding the symmetry notation
for a particular molecular orbital indicates ordering within that symmetry. (b) Channels included
in the CC expansion: five channels leave the systems in states of 1Σ+u symmetry (red), and six
in states of 1Πu symmetry (blue). The series of autoionizing states of interest to this work lie
between the A2Πu and B2Σ+u ionic states (corresponding to removing an electron from the 1piu and
2σu molecular orbitals, respectively). These autoionizing states are indicated by two series of red
(nsσg and ndσg) and one series of blue (ndpig) horizontal lines. Depending on the final symmetry
of the system, these states may decay into either three or five open channels. In this panel, we have
used the common united-atom limit notation introduced in Ref. 20 to label the excited electron.
energy diagram also shows the expected positions of the resonances lying between the first and the
second ionization thresholds (i.e., below 17.1 eV). These resonances will not be investigated in the
present work.
Fig. 2 shows the calculated total and partial photoionization cross sections obtained in both
the length and velocity gauges. As can be seen, in all cases, the gauge invariance is very good.
In Fig. 3, the calculated total cross sections are compared with the existing experimental results:
the time-resolved measurements reported in Ref. 7 (panel a) and the earlier synchrotron radiation
measurements in Refs. 13, 15, 16, 30 (panel b). For a meaningful comparison, in the latter figure
the theory curves have been convoluted with a Gaussian function of width 0.03 eV (panel a) and
0.015 eV (panel b) to account for the limited energy resolution reported in the corresponding
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Figure 2: Total and partial photoionization cross sections of N2. In both panels the black line cor-
responds to the total cross section and the colored lines to partial cross sections. Continuous lines:
length gauge; dashed lines: velocity gauge. The dash-dotted and dotted lines are the theoretical
results of Refs. 20 and 21, respectively. Panel (a) discriminates the cross section according to the
symmetry of the Ne-electron system after ionization and clearly shows the relatively minor impact
of the ndpig series on resonances. Panel (b) discriminates according to the (Ne−1)-electron parent
ion left behind upon ejection of an electron, showing that after ionization it is more likely to find
the ion in the excited 2Πu state than in the ionic ground state. This panel indicates the position
of the lowest 3sσg, 3dσg and 3dpig resonances. For simplicity in the notation, in the text we have
used the same index n for all resonances in the same group.
experiments. We also note that we have used the experimental ionization potential of N2 but that
no rescaling of the calculated cross section has been performed. As can be seen, the agreement
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Figure 3: Comparison of the total photoionization cross section obtained using the XCHEM ap-
proach with (a) the attosecond measurements of Reduzzi et al7 and (b) the synchrotron radiation
measurements of Gürtler et al,13 Peatman et al,30 Dehmer et al,15 and Huber et al.16 Each blue
box "contains" three resonance features according to the three series of autoionizing states dia-
grammatically shown in Fig.1b, collectively labelled by n.
between our calculated total cross sections and the synchrotron radiation data is very good in the
whole range of photon energies, both in magnitude and shape, except for the lowest 2σ−1u 3dσg
resonance lying just above the A2Πu threshold, which is slightly broader and is shifted to higher
energies in the theoretical results. This might be due to an incorrect description of the electronic
continuum just above threshold, where larger boxes are probably necessary, or to a breakdown
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of the adiabatic approximation, since in this region the ejected electron is extremely slow and,
therefore, has a velocity comparable to that of the nuclei. Interestingly, for this specific resonance,
the agreement is slightly better when comparing with the time-resolved experimental results of
Ref. 7 (see Fig. 3a). For all other resonances, including the other (n = 3) ones, the agreement
between calculated and experimental synchrotron radiation data is remarkable. As can be seen in
Fig. 2, the shapes of these resonance peaks significantly differ from those reported in previous
theoretical works.
The 1Σ+u and 1Πu contributions to the total cross sections shown in Fig. 3a correspond, up to a
factor, to the ionization cross sections of molecules oriented parallel and perpendicular to the po-
larization direction, respectively.31,32 The analysis of these contributions reveals that almost all the
features observed in the experimental spectra are exclusively due to resonances of 1Σ+u symmetry,
namely the 2σ−1u nsσg and 2σ−1u ndσg ones. These resonances show up as pronounced asymmetric
peaks and dips, respectively, and barely overlap with each other, except for the upper and lower tails
of the resonances with the same value of n. The peaks associated to the 2ppi−1ndpig resonances,
which show up in the 1Πu contribution, are very weak and have a characteristic asymmetric Fano
profile. They are barely visible in the total photoionization cross sections and are well separated
from each other. Therefore, in the absence of non-adiabatic effects, none of the above resonances
are expected to interfere with each other. The good agreement between theory and experiment
suggests, however, that non-adiabatic effects should play a minor role here, except maybe in the
vicinity of the 2σ−1u 3dσg, which lies less than 100 meV above the A2Πu threshold.
The partial cross sections of Fig. 2b show that, at these low photon energies, photoionization
of N2 leaves preferentially the N+2 cation in the A
2Πu excited state, instead of in the X2Σ+g ground
state. In other words, direct and resonant ionization from the HOMO-1 dominates over direct
and resonant ionization from the HOMO, with a possibly significant contribution from shake-up
processes. Indeed, the rather large width of the Hopfield states is indicative of a strong coupling
between different ionization channels in N2.
Finally, from the calculated photoionization spectra, we have determined the energy positions
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Figure 4: (a) Energies of the three relevant series of autoionizing states, extracted from the
XCHEM results as outlined in the text (nsσg in blue, ndσg in red, ndpig in green). Clearly vis-
ible is the approximate n−2 scaling behavior. (b) The widths of the autoionizing states of panel (a),
displaying an approximate n−3 scaling behavior. The XCHEM results are compared to reference
data from synchrotron radiation measurements by Gürtler et al (1977)13 and Huber et al (1993),16
as well as to the 2016 time-resolved results from Reduzzi et al7 and Eckstein et al,10 the only ones
available for the 3sσg and 3dσg resonances.
and autoionization widths of the three series of Hopfield resonances. This was done by fitting
the computationally obtained data to the analytical expression33 that describes the behavior of the
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scattering phase in the vicinity of an autoionizing state,
δ (E) = δb+ tan−1
Γn
2(E−En) , (2)
where En is the resonance position, Γn the resonance width and δb is a slowly varying background.
The results thus obtained are shown in Fig. 4. The figure also includes the experimental values
of the widths (i.e., the inverse of the lifetimes) determined in Refs 7, 10, 13, 16 for the 2σ−1u 3sσg
and 2σ−1u 3dσg resonances. As in the atomic case, the energies and widths of the resonances of
the three Hopfield series roughly scale as 1/n2 and 1/n3, respectively. Our calculated widths for
n ≥ 4 are in good agreement with those determined in the synchrotron radiation experiments of
Refs 13, 16. For n = 3 the only available experimental data are those obtained from the time-
resolved measurements of Refs. 7, 10. In this case, the calculated widths are significantly larger
than the measured ones; however, their relative value (∼1.5 for the 3dσg and 3sσg resonances)
is in good agreement with the experimentally measured ratio. Therefore, the main finding of the
time-resolved experiment of Ref 7, which is the significant difference in the lifetimes of these two
resonances, is confirmed by the present calculations. Furthermore, Fig. 4 shows that a similar
difference in magnitude is observed for all the members of the 2σ−1u nsσg and 2σ−1u ndσg series of
resonances, thus confirming once again that the main reason for the different lifetimes is electron
correlation, rather than non-adiabatic effects.
In conclusion, we have used the recently developed XCHEM approach to study photoioniza-
tion of the N2 molecule between the second and the third ionization thresholds, where the Hopfield
series of autoionizing resonances show up. The XCHEM approach allows us to describe electron
correlation for the electronic continuum at the same level of accuracy as multi-reference CI meth-
ods do for bound states. Our results show that non-adiabatic couplings play a minor role in this
particular problem and that electron correlation is the main factor that determines the magnitude
and shape of the N2 photoionization cross sections, as well as the lifetimes of the Hopfield res-
onances. These conclusions are supported by the good agreement between the calculated cross
13
sections and those determined in early synchrotron radiation experiments and more recent attosec-
ond measurements.
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